Abstract-Chemical-mechanical polishing (CMP) has emerged as the dominant dielectric planarization method due to its ability to reduce topography over longer lateral distances than earlier techniques. However, CMP still suffers from pattern dependencies that result in large variation in polished oxide thickness across typical chips, which can impact circuit performance and yield. A comprehensive semiphysical pattern dependent model of the CMP process, integrated with a parameter extraction and process characterization methodology, has been developed to enable accurate and efficient prediction of post-CMP oxide thickness across patterned chips. First, in the characterization phase, test wafers are polished to obtain model parameters for the desired CMP process. Standard test layouts have been defined which consist of regions with different feature density and pitch; a new contribution is the inclusion of "step density" structures which provide large abrupt post-CMP thickness variations to improve parameter extraction. The key extracted parameter which characterizes the particular CMP process is the planarization length; we propose a definition of planarization length as the characteristic length of an elliptic weighting function based on the long range pad deformation and pressure distribution during CMP. Second, in the modeling phase, a pattern density dependent analytic model is used to predict temporal film thickness evolution. The elliptic weighting function with a known planarization length is used to calculate an average or effective pattern density across the product chip of interest. A fast Fourier transform (FFT) calculation enables efficient computation of the effective density based on deposition-biased underlying local layout densities. Given the effective density, the remaining oxide thickness after CMP is computed, highlighting regions suffering from over-or under-polish. The methodology is demonstrated for a production CMP process. Extracted planarization lengths are between 2.55 and 3.58 mm for representative processes, with root mean square fitting error of 306 A. Prediction of post-CMP oxide thickness on a product chip demonstrates 260 A root-mean-square fitting error, or less than 3% of the removed oxide thickness.
I. INTRODUCTION

I
N OXIDE chemical-mechanical polishing (CMP), excellent planarization (i.e., reduction in step height) of individual patterned features is achieved. As illustrated conceptually in Fig. 1 , however, global nonplanarity is unfortunately created due to differences in the underlying pattern, resulting in nonuniform oxide thickness across the die. The ability to predict the post-CMP oxide thickness for arbitrary chip layouts is critical for CMP and deposition process optimization, layout screening or density design rule checking, pattern density equalization (e.g., dummy fill), process control, and circuit impact analysis.
Substantial literature has begun to emerge on the modeling of CMP. Nanz and Camilletti provide an early review of these models [1] ; a more recent review is presented by Boning and Ouma [2] . Models have usually focused either on wafer scale considerations (e.g., kinematic models of relative velocity, fluid flow models, pressure models), or on layout pattern effects. Among the more promising approaches are contact wear or pad pressure based models by Chekina et al. [3] , Takahashi et al. [4] , Runnels et al. [5] , and Ouyang et al. [6] which seek to solve for the local displacements and pressures of an elastic polishing pad in contact with the patterned wafer surface. Such models require time-stepped evolution of the surface and are computationally intensive if applied across the chip, and experimental accuracy has either not been reported or is somewhat disappointing.
An alternative approach has been proposed by Stine et the effective pattern density across the chip [7] . This approach is similar to that presented by Tung [8] , Hayashide et al. [9] , and others, with a key difference being that the approach is coupled to a rapid characterization methodology using test patterns and test masks, so that the essential model parameters can be estimated for a given CMP process [10] , [11] . In this paper, we adopt and extend this approach for the efficient and accurate characterization and chip-scale modeling of oxide CMP using planarization length and pattern density concepts. In particular, we contribute a formal definition of planarization length based on pad bending concepts, extend the previous characterization test masks for improved extraction of the planarization length parameter, describe efficient calculation of pattern density across the chip using the fast Fourier transform (FFT), and validate the integrated characterization and modeling approach using product layout pattern data.
In Section II, we review the underlying analytic oxide CMP model, where the key theme is the calculation of the effective pattern density at any spatial location on the die. The model is expanded in Section III, where the density weighting function is introduced as an impulse response of the polish pad under a given set of process conditions. This section also defines the planarization length as the characteristic length of the density weighting function. Section IV outlines computation of effective pattern density, including the importance of accounting for deposition profile effects by "biasing" the layout before density calculation to account for lateral or triangular shaped deposition. The characterization methodology for the extraction of the planarization length is presented in Section V, together with the characterization mask for oxide CMP. The application of the model is verified for different times and on a product layout. A brief summary of the performance of alternate weighting functions is presented in Section VI for comparison with the elliptic weighting function. The paper is concluded in Section VII.
II. PATTERN DENSITY BASED OXIDE CMP MODEL
Previous work has shown that variation in pattern density across a die is the dominant factor resulting in large interlevel dielectric (ILD) thickness variation after CMP [10] . This is il- Fig. 3 . Definition of terms used in the basic model. lustrated in Fig. 2 which shows the final oxide thickness measured across sections of a die with different layout patterns. A1 cuts across a region of varying pattern density while A2 passes through a region of constant density, but varying pitch (where pitch is the sum of line width and line space). Three polish times are shown. The data is taken from raised area (over metal) sites as illustrated in the inset. The initial deposition thickness for all regions is a uniform 2.2 m. We see that pitch has little effect (all pitch regions are 50% density and polish uniformly), while the pattern density variation in region A1 creates a large range of approximately 5000 in final oxide thickness.
Based on this observation, Stine et al. proposed a pattern-density-based oxide CMP model as summarized below [7] . Fig. 3 defines the key variables. The model reformulates Preston's equation [12] (which has a dependency on pressure , relative velocity , and empirical Preston coefficient ) into a function of blanket wafer polish rate and effective pattern density
The equation is then solved for the oxide thickness, , under the assumption that no "down area" polishing occurs until the local step, , has been removed, after which the pattern factor is turned off. This is captured by expressing the effective density as (2) where is a constant effective density dependent on lateral location on the layout. The assumption that local pattern density is independent of film thickness before local planarity is achieved approximates the deposition profiles with vertical lines such that the idealized profiles have square shape; corrections to this assumption are discussed in Section IV. The approximation makes it possible to express the final film thickness for any time in a closed-form as:
Before local planarity is achieved (i.e., while step height still exists), the final film thickness depends inversely on the effective local density. The film polishes linearly at the blanket rate afterwards. In practice, up areas are not strictly preferentially polished but the down area polish rate is typically very small, which justifies the assumption made here; improved accuracy (important for shallow trench isolation (STI) or copper CMP modeling) is possible by incorporating an additional step height dependence [13] , [14] . Very large down areas are treated as regions of infinitesimal density such that local planarity is achieved instantly, and the down area polish is then captured by the linear regime of the model. The closed-form model has buried complexity in the determination of the effective local pattern density . The neighboring topography must be correctly accounted for by employing an appropriate weighting function which takes the pad deformation into account. The planarization length is the length scale over which neighboring topographies affect the polishing at the point of interest; that is to say, the planarization length defines the area over which the effective density for any point of interest should be calculated. Each layout will produce a range of effective density across the die resulting in a range of global oxide thickness due to different polishing rates across the die. Longer planarization lengths will "average" topography more effectively and thus decrease the total range of perceived density within the die. A longer planarization length thus results in smaller global oxide thickness variation across the die. In [10] , a uniform weighting and square window is used to calculate the effective density. A more appropriate weighting function is defined in the next section based on pad bending concepts.
III. PLANARIZATION LENGTH AND PAD RESPONSE FUNCTION
Within a localized area and for large enough step heights, the polishing pad may be treated as incompressible. This explains the success of the analytic model. However, over a long length scale, the pad deforms to follow the thickness variation profile which results from the differences in removal rates (arising from different densities) across the die. It is this long range deformation which is of interest here, and which can be characterized by the planarization length and an appropriate weighting function. The macroscopic pad deformation is important in CMP since it dictates how the pad remains in contact with the raised features. Wafer/pad contact is required to accomplish any reasonable amount of polishing, consistent with the polish mechanisms described in [15] and [16] .
Since the pad deformation is a weak function of the deforming features, the same size surrounding area may be used to determine the effective local density at all spatial points. This assumption has significant benefits: the area over which density is calculated is a property of the pad and the process conditions. Once it is known, the effective density may be determined across the entire mask layout. In this section we identify an appropriate weighting function.
A. Linear Systems Approach to Weighting Function Identification
The density weighting function may be treated as the spatial density impulse response of the pad for a given process condition. The planarization length is then defined as a parameter which fully characterizes the applicable impulse response function [17] . The key is to determine a weighting function which captures the elastic properties of the pad. If the local layout density is defined by , and the weighting function by , then the effective density at any spatial location is given by the convolution: (4) In the linear polish regime, where local features have been planarized and the final oxide thickness is linear in pattern density as given by (3), thickness measurements may be used to approximate to within a scale factor. Since is known and periodic, die-width die-height , the weighting function may theoretically be calculated in the spatial frequency domain using:
where IFT is the inverse discrete Fourier transform; and and are the discrete Fourier transforms of , and , respectively [17] . This approach to finding the weighting function is difficult to carry out directly: the layout is rarely rich enough to avoid zeros in . An alternative approach proposed by Yu et al. [18] is to fit a smooth function for the frequency domain filter [(5)] based on measurement data. Another approach to consider for recovery of the impulse response is to differentiate the step response. However, it is not possible to obtain a unique two-dimensional (2-D) impulse response from the response to a semi-infinite step even with the restriction of circular symmetry [17] . Given the limitations associated with direct determination of the weighting function from measured data, the approach we adopt here is to use a weighting function which corresponds to the physics of the problem. This requires a close examination of the deformation profile of the pad under general loads. The linear systems view of the polishing problem remains useful as it provides insight in the design of the current test layout mask, as well as possibilities for future test mask designs.
B. Pad Deformation Under Load
Determining the pad deformation characteristics in CMP is a difficult problem for two primary reasons. First, the polyurethane from which the polishing pads are made is a nonlinear elastic material. The deformation characteristics depend on applied loads, relative speeds, and material thicknesses. Second, the films are usually composite, making it difficult to obtain analytic expressions for the deformation profiles even for static deformation loads. Due to these problems, several approximations have to be made when determining the deformation profile and the appropriate density weighting function. The nonlinearity of the materials is accommodated by instituting a characterization phase in which polish data for a fixed process (i.e., a specific pad, slurry, tool, down pressure, relative velocity) is used to determine the characteristic length of the weighting function for that specific process.
Common dielectric CMP polish pads consist of a stack of two materials with the stiffer material at the top. The deformation of the pad by the wafer surface may be inferred by examining the deformation profile based on a localized force over a region of the pad as shown in Fig. 4 . As shown by Boggy and Shield [19] , even this simple configuration does not lend itself to a suitable analytic solution for both the deformation (displacement) and pressure distribution. Numerical solutions involving integral transforms must be used to determine the final profile. Since our goal is to capture the essence of the pad deformation, focus can be shifted to the single layer case for which an analytic solution for the deformation exists. The deformation for the one material case is very similar to the two material case thus justifying this approximation [20] .
For a single pad material case, implicit relationships exist for both the deformation profile of the elastic material as well as the pressure and stress distributions for the indenter. Consider a single layer pad which is thick relative to the vertical deformation and has a deformation force applied over a circular region of radius . The deformation is given by a set of two equations which represent deformations within and outside the circular radius over which the force is applied. The deformation at any radius less than is given by [21] : (7) where is the load, is the Poisson ratio and is Young's modulus of the pad material. The deformation profile for is given by (8) These two equations show that the pad deformation is proportional to the applied load and inversely proportional to the pad material stiffness (represented by the Young's modulus). The equations involve complete elliptic integrals which can be evaluated numerically. An example relative deformation profile is plotted in Fig. 6 . The deformation is relatively small compared to the region of application of the force. Using approximate material properties for the IC1000 pad (Young's modulus of Pa [22] and approximate Poisson ratio of ) with force applied in a circular region of radius 2 mm and a local pressure of 7 psi, the maximum deflection is about 6 m. This deformation is referenced to the origin as illustrated in Fig. 6 .
C. Pressure Distribution
In the polishing process, the raised features which sustain the pressure of the pad are not isolated. The pad surface pores are on the order of 50 m (and pad asperities are considerably smaller), thus the microscopic pressure exerted on any given feature is extremely difficult to assess. Instead, the issue in CMP is not the pressure associated with single features, but rather, the average or aggregate pressure distribution arising from a set of raised features. The resulting long-range pad surface deformation is due to the aggregate set of raised features, and superposition approximation may be applied to determine the final pad deformation profile due to raised wafer topography. Understanding the deformation profile is instrumental in determining the appropriate weighting function to use for effective density calculation across the die. Consider an array of vertical lines of 100 m pitch consisting of equal lines and spaces of 50 m. Let this array be adjacent to a nonpatterned region so that there exists a step density transition as illustrated in Fig. 5(a) . In the nonpatterned region away from the boundary, the local pressure is uniform and there is uniform pad deformation (compression). Deep in the array region, the area of support is halved and the average local pressure is doubled. Due to superposition effect of the array of raised areas, the local pad surface here is also relatively flat. The superposition results in the relieving of the pressure from the edges of individual features, hence minimal edge rounding exists. As the polishing commences, the array region polishes faster due to the higher average local pressure. This results in a height difference between the nonpatterned region and the array region, and the pad deforms to accommodate the height transition. The deformation profile of the pad in this case cannot exceed the case where the pad is deformed by a centralized force and the rest of the pad surface has no applied force. The current case can be related to the case discussed in Section B by considering the deformation force to be applied in the raised (nonpatterned) regions. This is similar to applying the force of a large area. The tail of the deformation [as represented by (8)] is still gradual and can describe the transition region between the low and high density regions. This discussion provides the motivation for the shape of an appropriate density weighting function which is developed further in the next section.
D. Planarization Length and Pattern Topography Weighting Function
As the polish time increases for the step density structure described above, the pad deforms to follow the profile. The transition shape reflects the extent to which surrounding features can affect neighboring topographies (higher features deform the pad and relieve the pressure off the low areas). The appropriate density or topography weighting function is thus the deformation profile of the pad since it reflects the weights to be assigned to the surrounding topographies in determining the effective raised area at a spatial location. The shape is taken from the one-layer material deformation for simplicity. What remains is the definition of the appropriate length scale for the weighting function.
An "elliptic" weighting function is defined by solution of the elliptic integrals (7) and (8) above, which yields a family of shapes depending on the width parameter (where is the radius of the area over which the deformation force is applied). The function radius or corresponding diameter can be experimentally determined in order to select the most appropriate weighting shape for given polish data. Note that at radius , the deformation value equals of the peak deformation as shown in Fig. 7 . We define the value for the width which best captures the effect of this deformation profile to be the planarization length for the elliptic weighting function. As seen in Fig. 7 , the planarization length thus defines not only the lateral extent of the weighting function, but also determines the shape of the weighting function from the family of curves defined by (7) and (8) . In performing density calculations, the relative (not the absolute) weight is used, as the most important factor is the spread of the response function which relates to the impact on pad deformation due to the surrounding raised features. We find that stiffer pads (which deform less) generally have longer planarization lengths, which spread the force over a longer region, as illustrated in Fig. 7 . This is interesting, given that Young's modulus in (7) and (8) should only affect the depth of deformation and not the lateral extent of deformation. Given this contradiction, it is perhaps best to consider the pad deformation argument as physical motivation for the density weighting function used in this work. 
IV. COMPUTATION OF EFFECTIVE PATTERN DENSITY
The following three steps are followed to determine the effective density across a layout: 1) layout biasing; 2) local discretized density evaluation; and 3) effective density evaluation using a weighting function of size and shape determined by the planarization length.
Layout biasing accounts for the initial topography of the deposited film [23] . Fig. 8 shows SEM cross sections obtained with two different films. Densified oxone subatmospheric pressure CVD (SACVD), like TEOS, is conformal to the layout features [24] . Small feature arrays such as 1-m (0.5-m space, 0.5-m metal) structures are filled and emerge as higher pattern density blocks of raised area, approaching 100% pattern density for small spaces. For HDPCVD (high density plasma CVD), on the other hand, the top of the film is level with the field areas except for small triangular peaks for smaller features. A fine feature array in this case can therefore be substantially lower in topographical density, even approaching 0% local pattern density. In general, all features must be adjusted with a layout feature bias value determined through deposition simulation or experimentally to account for the volume addition or loss of oxide compared to the layout feature. The bias phase is important for realistic layout masks with small features in order to generate the effective density of the raised topography. This is illustrated in Fig. 9 , which shows the effective density across a region of a mask containing both small and large feature sizes for the unbiased, positively biased, and negatively biased cases.
The next stage is to discretize the local density into small cells to facilitate profile simulation. The mask is divided into small square cells in a regular grid. The density in each cell is defined as the ratio of raised topography to total area of the cell. Cell sizes of 40 m 40 m, or smaller, are required to minimize errors for the next stage. Fig. 10 shows a three-dimensional (3-D) plot of the local cell densities across an example test pattern assuming conformal TEOS deposition.
The final density calculation step is the stage at which the 2-D elliptic weighting function is first employed. The 2-D filter of the correct length scale (i.e., correct planarization length) is used to determine the effective density for each cell by weighting the influence of nearby cell densities. If the discretized mask density is given by and the discretized weighting function by , then the effective discretized density is given by the convolution: (9) Zero padding is used to ensure that the discretized matrices have sizes which are a power of two so that the computation can be done in the frequency domain using Fast Fourier Transform (FFT) techniques. The effective discretized density, , is then given by (10) The use of the FFT reduces the number of computations significantly. If the number of cells is , and the discretized filter is of size , (9) requires computations while (10) requires computations. The computation time is decreased by orders of magnitude for typical large dies where the padded cell density matrix size will be 512 512 for a 20 mm 20 mm mask.
The computation in (9) is performed assuming that the die is periodically repeated across the wafer so that density calculation at the edge of the die accounts for the effects of features from the next die. The dies at the edge of the wafer should be treated differently if the edge is not patterned since there periodicity no longer exists. Because of the existence of a step density transition between dies bordering the nonpatterned region near the wafer edge, outermost dies may have very different polish characteristics from those away from the wafer edge. A common practice is to pattern the whole wafer and to discard the outermost dies which occupy the edge exclusion region and suffer from wafer edge effects. Fig. 10 shows an example effective density map computed using the elliptic filter with a characteristic length of 1.95 mm. The optimal length must be determined for each consumable set and process conditions since the planarization length is dependent not only on the polish pad type but also on the polish process conditions.
V. CHARACTERIZATION METHODOLOGY
The planarization length is the key process parameter required to determine the effective pattern density across the die. The thickness profile of any layout polished under the same process conditions is then determined using the calculated effective density and the analytic thickness evolution model, given the blanket polish rate and polish time. Oxide CMP process simulation for any product wafer therefore requires only a single characterization step in which the planarization length of the process is determined. Process development and optimization is reduced to the assessment of the process regimes using the planarization length as the metric of interest. The process with the longest planarization length gives the most uniform ILD thickness within the chip. Given the fundamental role of the planarization length parameter, this section describes the procedure for its extraction, including details of an improved characterization test mask and measurement guidelines. The methodology is illustrated with example executions of a characterization experiment and model verification using the characterization test mask, followed by validation of the CMP model on a product chip.
A. Characterization Mask and Metrology
Four sets of test structures are required for successful oxide CMP process characterization. The first set consists of fine pitch arrays, with pitch values ranging from submicrometer dimensions to about 10 m. Cross-sectional SEMs of these structures are required to determine the bias used to adjust the layout pattern to ensure that the calculated density corresponds to actual deposition pattern density, and not the metal pattern density. The second set consists of step density structures which span a horizontal region of the mask to provide large step variations in post-CMP oxide thickness for effective determination of the planarization length. The third set of structures is a set of blocks with density gradually increasing from block to block. These are required for quick determination of the thickness dependence on pattern density. If each density block is large (on the order of, or larger than, the planarization length), these structures provide a fixed location for the lowest and highest density across the test mask. The fourth and final set of structures is a set of blocks of constant density but different pitch. These structures are useful for examining the polish characteristics of down areas since the effect of density is masked out.
The floor plan of a characterization mask which satisfies all these conditions is shown in Fig. 11 . The prefix before the number denotes the block "density" while denotes "pitch." Each density structure consists of vertical lines and spaces of 100 m pitch. The pitch structures also consist of vertical lines but the local density (within the block) is fixed at 50%. The mask is 20 mm 20 mm and is divided into 4 mm 4 mm blocks which are grouped accordingly to form the gradual density, step density, and pitch structure regions. The fine pitch structures each occupy a portion of a 2 mm 2 mm region but the fine arrays do not occupy the whole block.
The mask is primarily designed for optical film thickness measurements.
Step height measurements are performed with a profilometer and the bias structures require SEM's. For all regions except the fine pitch bias regions, optical oxide film thickness measurements should be taken in "up" areas (overlying the patterned metal features) at a minimum of three locations (0.5 mm, 2 mm and 3.5 mm from the left block edge) in each of the 4 mm 4 mm blocks. This facilitates the spatial data fitting required for the planarization length extraction. For the bias structures, optical measurements should be taken only at the centers. For these fine pitch structures, as well as the large pitch structures with lines smaller than 10 m, "up area" measurement sites of dimensions 30 m 30 m are included in the design. These squares are small enough to avoid perturbing the polish characteristics but are large enough to satisfy spot size requirements for most optical metrology tools.
The down and up areas should be measured for general characterization, but for planarization length extraction, only up areas measurements are needed (in additional to the initial step height measurements). Optical or profilometry measurements to probe the initial step height should be taken at the center of the 50% density pitch structures. More measurements can be taken to confirm the uniformity of the initial step height across the die as desired.
Wafer scale dependencies of the planarization length and interactions with wafer scale polish uniformity may exist [25] . For process characterization, several die across the wafer should be measured so that average and statistical information can be gathered; rapid evaluation using one or more die near the center of the wafer or in other regions where good wafer-scale uniformity is achieved can also be done. We have found that good extractions of planarization length can be achieved with as few as 15 measurements across region II of a sample die in Fig. 11 .
B. Experiment for Model Calibration and Verification
The pre-CMP process flow for characterization should mimic a typical flow for a metallization layer with the characterization mask replacing the metallization mask. A representative flow, used to generate the calibration data presented here, consists of 1-m TEOS oxide deposition, metal deposition and patterning using the characterization masks, and final deposition of a 2.5-m TEOS layer.
The polishing experiment design is determined by the experimental goals since the planarization length can be used as a process monitor in addition to thickness profile prediction for a product layout. Table I shows the experimental design (a full factorial design with center runs to assess variability) for our first example, where the effect of down force, table speed (tied to carrier speed), and top pad thicknesses were examined. A factorial design is used with IC1000 pads used over a sub-pad with a fixed thickness. Polishing was performed on an Ebara polisher with in-situ pad conditioning.
The polish time must be correctly set for successful planarization length extraction. The planarization length is fully defined when enough material has been removed and the pad conforms to some locally planarized features across the die. This ensures that the pad's full pattern dependent deflection is achieved. This goal is realized by setting the polish time to achieve local planarization (removal of local step height) in a 50% pattern density structure (50% density polishes at double the blanket rate) for all runs. The lower densities are then locally planarized and the pad attains the required equilibrium. This criteria for setting the final polish time also ensures that approximately the same material is removed for all the polish runs.
An effective way of selecting the polishing times in a multirun experiment such as that above is to develop a first order prediction equation of blanket rate as a function of down force and table speed. This requires only four runs since the top pad thickness has little effect on blanket rate. Other blanket polish times can then be predicted and the experimental time for each run is given by (11) where is the initial step height and is the predicted blanket rate of the particular run.
C. Model Calibration-Extraction of Planarization Length
The extraction of the planarization length is an iterative model parameter fitting procedure. First, an initial approximate length is chosen. This is used to determine the effective density for all measurement points as detailed in Section IV. The calculated effective density is then used in the model [(3)] to predict oxide thicknesses which are compared to measured thickness data. A sum of squared error minimization scheme is used to find the planarization length and blanket polish rates that best fit the measured data. We have found the coupled extraction of blanket polish rate and planarization length is important in order to minimize the impact of uncertainty in blanket rate on planarization length extraction.
The calibration results for our experiment are summarized in Table I . Fig. 12 shows the model fit for runs 1 and 2 using data only from region II of the characterization mask for planarization length extraction. Errors [root-mean square (RMS)] of approximately 270-330 are generally achieved across the region II measurement sites. A key observation from Table I is that the planarization length is a function of process conditions and the pad thickness. For a given pad and polish system, the planarization length increases with increasing table speed and decreasing down force. For fixed process conditions, a thinner top pad has lower planarization length since the effect of the softer subpad is more dominant. All these observations are consistent with the physics of the problem.
D. Model Verification and Validation
In the model verification phase, one confirms that the planarization length extracted based on the experimental polish time can be used for thickness prediction at other times. One also seeks to confirm that given the planarization length, the thickness profile can be predicted for other layouts polished under the same process conditions (but not necessarily the same time) as those used to extract the planarization length. Down area polish characteristics are also checked.
Temporal verification is illustrated using the characterization mask in a second experimental example. This experiment was performed toward the end of a pad life after a test marathon run. The planarization length is, therefore, expected to be lower than can be achieved for normal runs (with thicker top pad). First, planarization length characterization was performed by polishing three wafers for 60 s to achieve local planarity in a 50% density region. Polishing was done with a single head of a five-head SpeedFam polisher to block against effects of head-to-head variability (the other four heads had monitor wafers for each run). Table II summarizes the extracted planarization lengths and the RMS errors for the fitted thickness data. The small variation in both the extracted planarization lengths and the RMS of the fitted thickness data confirm the stability of the process. The magnitude of the RMS values are also acceptable since they are less than 2% of the average material removed. We have found from most characterization experiments that the RMS model fit errors typically range from 100 to 350 .
Using the same process conditions, verification experiments were performed. Two sets of three wafers were polished at 29 s and 88 s, respectively. Fig. 13 shows the prediction results for "up" areas for the two polish times using the planarization length of 1.187 mm (mean value extracted from region II data on wafers 1, 2, and 3). The data shown is from wafers 4 and 7; plots for the other wafers are similar. Fig. 14 shows the prediction for "down" areas (between metal lines) for these same wafers. Table III summarizes the prediction results for both "up" and "down" areas for all six wafers, where all the data from the 60 measurement sites per wafer (15 sites per region) have been used. The model assumes no down area polishing until local planarity is achieved (the step height removed) at the spatial location of interest. The larger prediction errors for the shorter polish time indicates that down area polish begins before complete step height removal. As the polish time increases, the model fit improves and is comparable to up areas. The model is sufficient for practical cases since the polish amount is usually much more than the step height. Suggestions have been made to improve down area prediction if a tighter fit is required [13] . Fig. 15 shows a product chip layout and the measurement sites used to verify that the model is applicable beyond a characterization mask. The layout is for metal1 and the measurement sites are for the corresponding second level dielectric layer. The process was first characterized with the test mask and a planarization length of 2.25 mm was extracted. Wafers patterned with the product mask were then polished. The prediction results for one wafer, together with measured values, are shown in Fig. 16 . A summary of prediction errors for all wafers is shown in Table IV . The average RMS error of 260 is 2.6% of the average material removed, confirming the validity of the model for this product mask. Although not explicitly reported in this work, the polish characteristics of subsequent dielectric layers are independent of underlying layers if the effective density range within each layer is limited. The density distribution of each layer determines each layer's thickness profile, but the total dielectric thickness from the first layer to any other layer is the sum of the nonuniform intervening layers [26] . If the density range of each layer is not limited so that large thickness variations result, the higher levels will exhibit such large variation (referenced to the initial flat level) that the typically stiff top polish pad will continue to reduce the nonuniformity independent of the subsequent layer's effective density. Although this phenomenon helps reduce existing nonuniformity, it is never sufficient to produce acceptable profiles if each layer density distribution does not independently limit thickness variation.
The validation results confirm that once the planarization length is determined for a fixed process, the same length may be used to simulate the thickness profile for another mask polished under the same process conditions. An issue which may be of concern is the change in planarization length with pad wear. Fortunately, unlike the removal rate which strongly depends on pad wear and pad surface conditioning, the planarization length appears to have a weak dependence on pad wear (for a stacked pad) and surface condition provided the pad thickness is not subtantially changed during the wear. The removal rate and wafer-scale uniformity will drop to unacceptable levels before any significant change in planarization length occurs. Control studies monitoring planarization length have confirmed the observations made here [27] .
The accurate prediction of post-CMP oxide thickness achieved by the coupled model and characterization methodology opens up opportunities for CMP process simulation and means of assessing planarization characteristics for product layouts prior to CMP. In particular, the model can be applied to evaluation of dummy fill strategies [28] , process control [29] , and circuit impact analysis [30] . 
VI. PERFORMANCE OF OTHER WEIGHTING FUNCTIONS
As detailed in Section III, the elliptic weighting function is selected based on analysis of pad bending and pad/wafer interaction. Here, we compare the performance of the elliptic weighting function with other functions to confirm its suitability. An advantage of the implementation used here, which employs a two-step density calculation procedure, is that the computational complexity for all the weighting functions is comparable; the layout is first discretized into cell densities and the weighting function is also discretized. Effective density calculation is then performed in the frequency domain which ensures that the calculations for different filters take approximately the same time.
The filter types used in the comparisons here are: square, gaussian, and cylindrical, in addition to the elliptical filter. 3-D surface plots of these filters are shown in Fig. 17 . To compare the performance of these filters, closely spaced measurement data was taken across a measurement line through the center of a step density block transition from a 4-mm 10% density block on the left to a 4-mm 90% density block on the right. The fitted and measured results are shown in Fig. 18 for a square and an elliptic function. Table V summarizes the fitting errors for the four weighting functions. The tailed weighting functions are relatively better at tracking the polish evolution. The characteristic length is defined differently for each function (square: length of one side; cylinder: diameter; gaussian: twice the standard deviation) so the extracted characteristic lengths cannot be compared directly. In the case of the gaussian and elliptic filters, the total window size must also be specified beyond which the tails are ignored. Here and throughout this work we use a radius of twice the characteristic length, beyond this the filter value is set 
VII. CONCLUSION
A complete characterization and modeling methodology for oxide CMP has been presented. The highlights of the method include: 1) the use of an elliptic pattern density weighting function which has better correspondence to the polish pad deformation; 2) a two step effective pattern density calculation scheme which uses Fast Fourier Transforms for computational efficiency; and 3) the use of layout masks with step densities which facilitate the determination of the characteristic length (defined as the planarization length) of the elliptic function by introducing large abrupt post-CMP thickness variations. The methodology has been verified for different polish times as well as different product layouts.
